At the MEPC66, it was decided that as of 2016, IMO Tier III regulations would require nitrogen oxides (NOx) reductions of approx. 76% from Tier II levels. To comply with IMO Tier III regulations, we have developed a low pressure Exhaust Gas Recirculation (LP-EGR) system that has strong NOx reduction potential. It has been confirmed through studies using our 4UE-X3 test engine that the NOx emissions of our LP-EGR system comply with IMO Tier III regulations and that the increase in fuel consumption was less than 1.5%. Recently, an engine integrating almost every component of the LP-EGR system was applied to the 4UE-X3. Through tests and evaluations of this system, we carefully worked out the consumption volumes and life-cycle costs of our LP-EGR system. As a result, the system is IMO Tier III regulation-compliant and offers advanced environmental protection and user-benefits.
Introduction
Regulations intended to prevent air pollution from ships are being tightened year by year. As for the regulations on low speed marine diesel engines of the International Maritime Organization (IMO), Annex VI of MARPOL73/78 was entered into force in July 2010, which is where we are today. As shown in Figure 1 , NOx emissions under Tier III, which starts in 2016, must be lowered by approximately 76% from the present Tier II in NOx Emission Control Areas (NECAs). In preparation for that, Mitsubishi has developed several NOx reducing technologies. From those technologies, this paper reports our development of a Low Pressure Loop Exhaust Gas Recirculation (LP-EGR) system that, on its own, reduces NOx by 80% or more. 
NOx Reduction Technologies
A general NOx reduction technology map is shown in Figure 2 . From these technologies, we have developed a lot of the NOx reduction technologies shown in Table 1 1) 2) , and dealt with the current IMO Tier II regulations via in-engine modifications, e.g., fuel injection timing retard, optimization of the fuel injection valve hole arrangement, design improvements to the scavenging and exhaust system, etc. However, under the Tier III regulations, in-engine modifications are not enough for the big reduction in NOx emissions that is required, therefore two technologies were selected. One was Selective Catalytic Reduction (SCR), which is after-treatment technology, while the other was Exhaust Gas Recirculation (EGR), which changes the combustion conditions inside the engine. 
EGR System

EGR Technology Overview
In recent years, EGR technology has been applied to small and medium size engines that are used in cars, generators and so on.
In an engine equipped with an EGR system, by returning part of the exhaust gas to the scanvenging tank or air intake, the O 2 concentration in the combustion chamber is lowered, and also, the heat capacity of the combustion gas is rised with a higher ratio of inert gas, like H 2 O and CO 2 . As a result, the rise of gas temperature in combustion is controlled and the NOx forming reaction is inhibited.
EGR Technology for Marine Diesel Engine
When EGR technology is applied to a marine diesel engine, the system is divided into two main categories --low pressure loop EGR (LP-EGR) and high pressure loop EGR (HP-EGR) as shown in Figure 3 --by the point of exhaust gas extraction.
In an LP-EGR system, the exhaust gas is extracted after the turbocharger turbine and returned to the turbocharger intake. On the other hand, in an HP-EGR system, the exhaust gas is extracted before the turbocharger turbine, and returned to the scavenging air trunk, that is, after the turbocharger compressor. The features of these EGR systems depend on the gas characteristics at the extraction point, so they both have merits and demerits. For example, an LP-EGR system is simply structured because of the comparatively low pressure and low temperature of the gas. In addition, the EGR blower power needed to draw the EGR gas into the turbocharger intake is lower than in HP-EGR because turbocharger suction pressure is utilized. However, the equipment tends to be larger than an HP-EGR system, because the low pressure increases the gas volume. With an HP-EGR system, the equipment is compact because the high pressure decreases the gas volume, but the scrubber for cleaning the gas has a complicated structure due to the high pressure and high temperature of the gas, and high EGR blower power is needed to elevate exhaust gas pressure to the same level of the scavenging air pressure. From the above viewpoints, we selected and developed an LP-EGR system. 
Overview of Our LP-EGR System
The basics of our LP-EGR system are as follows.
1. A part of the exhaust gas is divided from the main stream after the turbocharger or the economizer as the EGR gas. 2. The divided EGR gas is led to the EGR gas line, while the rest of the exhaust is discharged outside the ship from the funnel. 3. The soot and SOx contained in the EGR gas are removed by a scrubber installed on the EGR gas line to clean the exhaust gas. 4. After that, the EGR gas is pressurized by the EGR blower, and led to the turbocharger intake. 5. The EGR gas is mixed with fresh air and compressed by the turbocharger compressor, then channeled into the engine.
A typical marine diesel engine uses MDO, HFO and or other oil that contains a considerable amount of residue oil, so the exhaust gas has a lot of soot and SOx gas. In addition, since a large amount of exhaust gas is produced by marine diesel engines, if this exhaust gas is fed into the engine without cleaning, we can easily image that a fatal accident will occur with the engine. For these reasons, a scrubber for cleaning the exhaust is a very important piece of equipment. Therefore, we developed a new type of scrubber based on an inert gas system (shown in Figure 4 ). This scrubber cleans the gas using water. The water is removed of soot and adjusted for pH by a Water Treatment System (WTS), which is composed chiefly of centrifuges, and re-used. In developing the LP-EGR system, we assembled these components and checked the performance of an engine fitted with an EGR system, and new scrubber with a WTS. Performance targets were an NOx reduction of more than 80% and a fuel consumption increase of less than 3% for the engine, and SOx removal of more than 98% and soot removal of more than 75% for the scrubber. 
Test Results
The LP-EGR system was tested in our NC33 single cylinder test engine and 4UE-X3 full-scale test engine (based on 4UEC60LSE-Eco type engine). The results are given here following.
Scrubber Performance
The scrubber test results are shown in Figures 5 and 6 . In these tests, SOx was measured as SO 2 . Results confirmed that the scrubber can remove over 80% of the soot and over 95% of the SOx. The SOx removal rate seems to fall short of the target, but the SOx value at the scrubber outlet was a few ppm only, which was within the margin of error of measuring instruments, so this scrubber should achieve targets in actual use. Based on these results, the scrubber was downsized through a series of design processes and tests, and finally integrated into the main engine, as shown in Figure 7 . We then confirmed the same removal performance in the engine-integrated scrubber, thus overcoming the size issue that normally plagued LP-EGR systems. The WTS, which consists of centrifuges, was confirmed capable of separating sludge from scrubber water as shown in Figure  8 . 
Engine Performance
In engine performance tests, we optimized the engine parameters --fuel injection timing, exhaust valve timing, and so on --with the Eco system 1) , which is electronically controlled system. Test results are shown in Figures 9 and 10 . At all engine loads, the fuel consumption increase was kept below 1.5% and NOx was reduced by 80% or more, which verifies compliance with IMO-NOx Tier III regulations. 
Engine Condition After LP-EGR Tests
After about 150 hr of testing the LP-EGR, the combustion chamber was checked carefully. The chamber environs are shown in Figure 11 . The condition was good with no abnormal wear or other issues in either the rings or liners.
Figure 11 Condition of ring (left) and liner (right) after testing
These results confirmed that our LP-EGR system clears NOx Tier III regulations and that the individual units constructing the LP-EGR system satisfied their performance requirements.
Lifecycle Costs
We calculated the capital expenditure (CAPEX) and system utilities from past tests, and estimated the lifecycle costs of the LP-EGR system. Moreover, we compared the lifecycle costs of our LP-EGR system against an HP-EGR system and LP-SCR, which are other technologies being applied to IMO NOx Tier III regulations. Those results are shown in Figure 12 .
The presumed conditions used for the comparison are as follows.
 Running time: 6,720 hr/year total, of which NECA 5% (336 hr/year)  CAPEX: LP-EGR is based on the actual cost in our tests. HP-EGR and LP-SCR references our market research.  Fuel Oil: SCR needs low sulfur fuel oil; EGR can use high sulfur fuel oil (sulfur content 3.5% ).
3)
 Utilities: LP-EGR and LP-SCR are based on our tests, and HP-EGR is based on our research.
Figure12 Life-cycle costs
In comparing HP-EGR and LP-EGR, LP-EGR is cheaper in terms of CAPEX because of the lesser number of units and lower strength requirements owing to the low pressure and temperature of the gas. From the viewpoint of OPEX, LP-EGR has more advantages. For example, in addition to the lower EGR blower power that was mentioned earlier, LP-EGR divides the exhaust gas after the economizer to supply EGR gas, so because all exhaust gas passes through the economizer, the economizer can be operated as usual. However, in the case of HP-EGR, EGR gas needs to be divided before the turbocharger, so the amount of gas passing through the economizer decreases during EGR, which makes reheating necessary. Unfortunately, in this lifecycle cost comparison, LP-SCR resulted the most expensive because of the low sulfur fuel oil it uses. Based on these results, LP-EGR proved to be advantageous in terms of lifecycle costs.
Conclusions
We developed an LP-EGR system that complies with IMO Tier III regulations when used on our test engine. Based on these system tests, we worked out the utilities and lifecycle costs of our LP-EGR system, and found it to be advantageous over other technologies.
Future Plans
In the next stage of our LP-EGR development, we will evaluate the reliability of the LP-EGR system by conducting onboard endurance tests.
